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Abstract 
Silicon nitride layers can be deposited by a variety of methods leading to different physical characteristics, such as optical, 
electrical and mechanical properties. In photovoltaic applications highly hydrogenated (>20% H concentration) and transparent 
layers are necessary to passivate the surface (Seff <20 cm/s) while allowing for optimal internal quantum efficiency. Secondary 
properties, such as a low pinhole density (<100/mm²) and various barrier-functions for even very thin films (<20 nm) are useful 
in more complex solar cell processes. This work investigates high deposition rate (2-7 nm/s) PECVD SiNx:H layers from 
inductively-coupled plasma (ICP) technology. The ICP-technology is capable of creating a variety of such layers, or even only 
one layer, with all these properties for cost reduction of high-efficiency silicon solar cell processes. 
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1. Introduction 
The plasma-enhanced chemical vapor deposition (PECVD) technology is nowadays commonly used for solar cell 
fabrication and has established advantages despite higher costs compared to non-high vacuum tools. The distinction 
between available PECVD tools can be made by the method used of plasma generation. While most tools use direct 
(e.g. parallel plate) or remote reactors (e.g. microwave), inductively-coupled plasma (ICP) PECVD [1-5] is 
investigated in this case. ICP-PECVD reactors are used in microelectronics due to the wide range of film stresses [4] 
and the hydrogen-free deposition of silicon nitride [3]. But in case of solar cell production, the PECVD reactor needs 
to deposit a film with a high amount of hydrogen for surface and bulk passivation. Furthermore, ICP technology 
creates a dense plasma without directional ion bombardment compared to parallel plate reactors, reducing the 
surface damage while retaining the possibility to incorporate a hydrogen content of >20%. ICP technology includes 
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several further advantages of both direct and indirect plasma sources, such as high deposition rates (>7 nm/s), 
uniform depth molecular bond density profiles and multi-layer deposition possibility. 
2. Sample preparation 
To investigate the different properties of ICP-PECV deposited hydrogenated silicon nitride (SiNx:H) symmetrical 
and asymmetrical samples were prepared for barrier and passivation studies. Saw-damage etched 2 ȍcm 
Czochralski (Cz) grown silicon substrates were used for the barrier tests. For asymmetrical samples, on one side 
SiNx:H was deposited using an ICP-PECVD Labtool before a standard POCl3 diffusion in a tube furnace or an 
alkaline texture wet etch step. For symmetrical samples, chemically polished 2 ȍcm Float-Zone (FZ) silicon 
substrates were deposited on both sides with SiNx:H before firing in a belt furnace at a set firing temperature of 
900°C and a belt velocity of 6000 mm/s. The FZ-Si wafers were weighed before each step and measured by 
ellipsometry to determine the film density or change thereof. The bond density and hydrogen content measurements 
were done by Fourier transform infrared spectroscopy (FTIR) and evaluated according to [6]. Carrier lifetime was 
determined using a Sinton Lifetime Tester. The wet chemical etching tests were performed using a buffered 
hydrofluoric acid (BHF) solution (1:5 of 50% HF and 40% NH4F) and a diluted hydrofluoric acid (DHF) solution 
(2% HF). 
 
Fig. 1. Scheme of ICP-PECV deposition chamber. Coils on the outside of a glass layer create a magnetic field to induce a current in the  gas filled 
(SiH4 and NH3) reaction chamber to generate a plasma. The deposition of SiNx:H on the silicon substrates in the tray on top of the plasma zone is 
non-directional. 
3. Results 
3.1. Barrier capability 
Silicon nitride layers are often used in microelectronics as well as in photovoltaics as a sacrificial layer. Barrier 
capabilities, to stop the diffusion into or etching of the underlying substrate, are achieved by low pinhole density, 
high mass density and high nitrogen content. Direct PECVD tools generate high mass density films, yet with a high 
pinhole density for low film thickness. Therefore SiNx:H single-layer films deposited with our direct plasma tool 
(parallel plate reactor) need to be at least ~70 nm thick to avoid indiffusion of phosphorous or local etching of the 
substrate. The investigated remote PECVD tool did not yield the necessary mass density to prevent parasitic 
diffusion for film thicknesses of at least 200 nm. ICP-PECVD films reach high mass densities and a high nitrogen 
content to form a barrier against (i) standard and high temperature POCl3 diffusions as well as (ii) alkaline texture 
wet etching for SiNx:H thicknesses of below 20 nm (i) and 70 nm (ii) on various surface topographies (textured and 
planar), respectively. The barrier function for POCl3 diffusion was tested and accomplished for high (HTF) and low 
(LTF) total gas flow (SiH4 + NH3) recipes with a N/Si ratio of about 1.1 and a mass density of 2.5-3.2 g/cm³. The 
corresponding pinhole density can be reduced to less than 100/mm² for planar and textured silicon substrate surfaces. 
Due to the non-directional deposition of the film, the pinhole density of the layer depends solely on the cleanliness 
of the substrate surface making even pinhole-free films possible [3]. 
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3.2. Deposition, optical and molecular properties 
ICP-PECVD tools allow a wide range of molecular bond density variation to change optical and passivation 
properties. Deposition rates range from 2-7 nm/s for HTF and LTF, depending on the SiH4 and total gas flow. These 
rates allow for industrial throughput in either case, because the rates are higher than common PECVD tools with 
deposition rates <2 nm/s. The deposition rates increase with refraction index n (Fig. 2 A). In case of HTF SiNx:H, a 
refraction index of about 2.2 marks a drastic change in layer properties. Below 2.2 the SiNx:H layer is nitrogen-rich. 
Yet with an increase in SiH4 gas flow, mass density increases (Fig. 2 B) and subsequently BHF and DHF etch rates 
decrease (Fig. 2 D) due to a higher amount of Si-H (Fig. 2 C) and Si-N (Fig. 2 B) bonds. This is a behavior common 
for PECVD sources [7,8]. Yet ICP-PECVD shows an overall lower etch rate compared to direct or remote PECVD 
depositions [1]. Layers above a refractive index of 2.2 display a significant change in properties after firing. Due to a 
N/Si ratio <1.1, the layer becomes more and more amorphous silicon (a-Si) rich, as can be seen by an increase in 
optical absorption (Fig. 2 A) overall and specifically for fired layers, a decrease in Si-N bond density (Fig. 2 B) and 
higher etch rates for as-deposited compared to fired layers (Fig. 2 D). These changes are due to a change in the 
amorphous structure during the firing process denoted by a shift of the Si-H and Si-N peak in the FTIR spectrum to 
lower wavenumbers common for an increase in silicon bonds [6]. 
     
     
Fig. 2. High total gas flow: (A) Refraction index and extinction coefficient; (B) Si-N bond density and mass density; (C) Si-H and N-H bond 
densities; (D) BHF/DHF wet etch rates. Selected measurement points are connected by guides-to-the-eye. Vertical line marks suggested 
separation of a-Si rich silicon nitride on the right. 
LTF SiNx:H layers show the same characteristics as HTF layers (Fig. 3 F-J), but on a different SiH4/NH3 ratio 
scale due to higher deposition rates. The transition to a-Si rich SiNx:H is at around 60% SiH4/NH3 gas flow ratio, 
 Josh Engelhardt et al. /  Energy Procedia  77 ( 2015 )  786 – 790 789
which corresponds to a N/Si ratio of 1.1, similar to HTF. The changes in case of LTF are stretched over a longer 
scale and allow for a wider range of deposition parameters for layers with similar properties. 
     
     
Fig. 3. Low total gas flow: (F) Refraction index and extinction coefficient; (G) Si-N bond density and mass density; (H) Si-H and N-H bond 
densities; (J) BHF/DHF wet etch rates. Selected measurement points are connected by guides-to-the-eye. Vertical line marks suggested separation 
of a-Si rich silicon nitride on the right. 
A comparison of HTF (Fig. 4 E) and LTF (Fig. 4 F) on 2 ȍcm FZ samples reveals reproducible minority charge 
carrier lifetime values up to 800 μs and 500 μs, respectively, for a firing belt furnace set temperature of 900°C and a 
belt velocity of 6000 mm/s. This corresponds to an effective surface recombination velocity in the range of 15-
25 cm/s. Due to the large investigated parameter range the optimum lifetime peak is less detailed but the maximum 
lifetime is reproducible. Both, HTF and LTF, furthermore display the same increase of carrier lifetime with 
increasing H content. While LTF films reach the maximum lifetime near the stoichiometric case of a N/Si ratio of 
1.33, the HTF layers reach their optimal lifetime near the a-Si rich layer range slightly above a refraction index of 
2.2. Subsequently, the lifetime drops suddenly for both HTF and LTF. A degrading passivation above n=2.2 is 
common for SiNx:H layers [7,8]. Although the H concentration in the as-deposited layer increases above a N/Si ratio 
of 1.1, the hydrogen in the layer is probably released too fast and towards the surface rather than the bulk silicon to 
sustain the passivating effect suggested by the increasing difference in hydrogen concentration before and after 
firing. The main contributor to the hydrogen content of the SiNx:H layer is the Si-H bond density (Fig. 2 C and 
Fig. 3 H), which shows the same behavior with increasing SiH4 gas flow before and after firing. Hydrogen 
concentration depends strongly on the total gas flow, allowing for a range of films from hydrogen saturated (>20%) 
to hydrogen-free/depleted using ICP technology. 
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Fig. 4. High total gas flow: (E) Carrier lifetime and H concentration; Low total gas flow: (K) Carrier lifetime and H concentration. Selected 
measurement points are connected by guides-to-the-eye. Vertical line marks suggested separation of a-Si rich silicon nitride on the right side. 
4. Conclusion 
ICP-PECV deposited silicon nitride films can display all the properties of SiNx:H layers known from common 
PECVD sources. Furthermore, these properties for primary (passivation and optics) and secondary purposes 
(barrier) can be achieved within only one layer due to the possibility of varying properties in a wide range. 
Commonly used passivation (multi-)layers with a high hydrogen content (>20%) and high carrier lifetime (>800 μs) 
can be used as well as very thin (20 nm) multi-purpose barrier layers to reduce cost (>7 nm/s deposition rate) and 
increase solar cell process options (e.g., structured passivating barrier layers). 
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